This study looks into the distribution of creaky voice in Mandarin in continuous speech. A creaky voice detector was used to automatically detect the appearance of creaky voice in a large-scale Mandarin corpus (Sinica COSPRO corpus). As the prosodic information has been annotated in the corpus, we were able to look at the distribution of creaky voice as a function of the interaction between tone and prosodic structures. As expected, among the five tonal categories (four lexical tones and one neutral tone), creaky voice is most likely to occur with Tone 3 and the neutral tone, followed by Tone 2 and Tone 4. Prosodic boundaries also play important roles, as the likelihood of creak increases when the prosodic boundaries are larger, regardless of the tonal categories. It is also confirmed that the pitch range for the occurrence of creaky voice is 110 Hz for male speakers and 170 Hz for female speakers, consistent with previous small-scale studies. Finally, male speakers have a higher overall rate of creaky voice than female speakers. Altogether, this study validates the hypotheses from previous studies, and provides a better understanding of voice-source variation in different prosodic conditions.
Introduction
Creaky voice is a non-modal phonation that is often realized with irregular periodicity or very low f0. Depending on the acoustic details, creaky voice can be further categorized into a number of subtypes [1] [2] [3] [4] [5] , but the differences among the subtypes are usually not linguistically meaningful. Thus, in this paper, we will only use the general term of creaky voice.
Creaky voice is related to various functions of speech communication, both at the linguistic level (e.g., prosodic variation) and paralinguistic level (e.g., emotion, style). In this paper, we will focus on the relationship between creaky voice and prosodic structures. There are several physiological reasons for creaky voice to occur: low f0, high level of adductive tension in the vocal folds, or low level of subglottal pressure [6] . As a result, creaky voice is sensitive to prosodic conditions, and is often associated with low-pitched and weakened positions (e.g., [7] [8] [9] [10] [11] [12] [13] [14] [15] ).
There are at least several prosodic structures in Mandarin related to creaky voice. First, Mandarin has four lexical tones: Tone 1 (high level), Tone 2 (rising), Tone 3 (low/dipping), and Tone 4 (falling). Among the four lexical tones, Tone 3 is reported to occur frequently with creaky voice ( [16] [17] [18] [19] [20] [21] ). However, previous studies (e.g., [16] [17] [18] [19] ) have shown that creaky voice is not exclusively tied to Tone 3; instead, it also can occur with Tone 4 and Tone 2, the tones containing low pitch targets. Creaky voice is a by-product of laryngeal adjustment for producing low pitch, and functions as an enhancement cue for perceiving low pitch targets [19, 20] . Second, Mandarin has unstressed syllables: although most words in Mandarin are specified with lexical tones, a relatively smaller number of words contain the so-called neutral tone. Metrically, syllables with lexical tones are stressed (at least to some extent), whereas syllables with the neutral tone are always unstressed. Phonetically, syllables with the neutral tone usually show signs of weakening and lenition (e.g., [22] ), such as reduced vowels, shorter duration, lower pitch, and possibly creaky voice. Further, it has been shown cross-linguistically that unstressed syllables are often produced with creaky voice [17, 18] . Third, Mandarin has tone sandhi: in Mandarin, when two Tone 3 occur in a sequence, the first Tone 3 is realized as a rising f0 contour, comparable to the contour of Tone 2. However, a corpus study [23] has shown that, in connected speech, the phonetic realization of Tone 3 sandhi is not the same as Tone 2. Would this affect the creakiness of sandhi syllables? Moreover, Kuang and Wang [24] showed that the likelihood of sandhi application is affected by the strength of the prosodic boundary between two adjacent Tone 3 syllables. Finally, Mandarin has several layers of prosodic grouping (e.g., syllables, prosodic words, small prosodic phrases, large prosodic phrases, in general terms), which are mostly indicated by the strength of breaks [25, 26] . Final positions of big prosodic phrases are also common environments for creaky voice [4, 8, 11] .
The goal of this paper is to examine the presence of creak as a function of prosodic conditions. We would like to explore how tonal categories and prosodic structures interact and affect the presence of creaky voice. Previous studies [16] [17] [18] [19] concerning this topic only examined monosyllabic words read in isolation. In this present study, we would like to investigate this question with connected speech data.
Methods

Corpus data and annotations
The COSPRO corpus, collected by Academia Sinica of Taiwan [26] , was used for this study. In this corpus, both segmental information and the indexes of prosodic boundaries are annotated. The results reported in this paper are from COSPRO_01. This corpus contains speech data from six Taiwan Mandarin speakers (3M, 3F), and each speaker reads 599 short discourses (between 1 to 180 characters in length). The recordings took place in soundproof chambers and were digitized at 16 kHz with 16-bit resolution. This corpus was designed to include all possible syllables in Mandarin (about 1300), the most frequently used 2-4-syllable lexical words, all possible segmental combinations and concatenations, and all possible tonal combinations and concatenations. After data cleaning, a total of 347,196 tokens (112,760 vowel intervals) were analyzed in this study.
Since the speech data of COSPRO_01 is Taiwan Mandarin, it should be noted that the phonetic details of tone production are slightly different from Beijing Mandarin. For example, compared to Beijing Mandarin, Tone 3 in Taiwan Mandarin is usually produced as a low falling tone, instead of a low dipping tone. In addition, the phonetic realization of the neutral tone in Beijing Mandarin is highly dependent on the preceding syllable; contrastingly, the phonetic realization of the neutral tone of Taiwan Mandarin is fairly congruent and independent of the phonetic context, showing a trend of phonologization [27] .
The break index system in this corpus follows Tseng [25] 's prosody model, which proposes six levels of prosodic grouping. From the top down, they are defined as:
• Prosodic Group (PG), the end of which is often realized with a big pause and final lengthening and weakening; breath group (break index = B5)
• Breath Group (BG), the end of which is often followed by inhaling, coupled with final lengthening and weakening (break index =B4)
• Prosodic Phrase (PPh), the end of which has a clearly perceived pause (break index = B3)
• Prosodic Word (PW), the end of which is often followed by a slight tone or voice change (break index=B2)
•
Syllable (SYL). Syllable boundaries have no perceptible pause or lengthening. (break index =B1)
Break indexes B2 -B5 were used for analysis. Since the corpus was prosodically annotated to the word level, B1 is not explicitly labeled. Therefore, in our analysis, B2 refers to "below the prosodic word level", including both syllable and prosodic word boundaries.
In addition, in order to take tone sandhi into consideration, Tone 3 tokens that are followed by another Tone 3 (T3s hereafter) were coded as a separate category from Tone 3 tokens that are followed by other tonal categories.
Analyses
Two analyses were performed to investigate the distribution of creaky voice in Mandarin. The presence of creak was automatically detected by an automatic creak detector, and the relative creakiness was estimated by a number of voice measures.
Automatic creaky voice detection
A creaky voice detector [28, 29] was used to automatically identify the presence of creak in the speech corpus. The algorithm combines the features developed by Kane and Drugman [2, 28, 29] , which is based on the characteristics of the excitation peaks in linear prediction residual signals, and the features developed by Ishi [30] , which focuses on pulse-topulse regularities. Classification of creak was done by artificial neural networks, and the output of the classifier was the binary decision of creak (0 for non-creak, 1 for creak) for every 10ms. We then calculated the mean probability of creak for each segment by averaging out the all the decision values (0s and 1s) over time intervals within each segment.
Voice measures
In the second analysis, we examined the acoustic space of voice quality as a function of tonal categories and prosodic breaks. Voice measures were automatically extracted by VoiceSauce [31] , including: fundamental frequency (F0), measured using the STRAIGHT algorithm [32] ; periodicity and relative noise ratio measure -cepstral peak prominence (CPP) [33] , harmonics-to-noise ratio [34] , and subharmonicsto-harmonics ratio (SHR) [35] ; the strength of the first harmonic relative to higher frequency components, namely H1*-H2*(difference between the first two harmonics) and H1*-An* (H1 relative to the amplitude of the formants). To allow for cross-vowel comparison in voice quality, these spectral tilt measures were corrected for vowel formants [38] . 
F0 contours of tonal categories
Because creaky voice in Mandarin is largely driven by pitch range [19] , it is important to first examine the f0 contours of all six tonal categories (four lexical tones + neutral tone + T3s) before the different levels of breaks. As shown in Figure  1 , the phonetic realization of tonal categories is affected by prosodic contexts. The overall f0 ranges of tonal categories are reduced as prosodic boundaries become larger, reflecting the global trend of f0 declination. The neutral tone is the tone least affected by prosodic breaks, as it is always located in the speaker's low-mid range regardless of the break indexes. This suggests that, although the phonetic realization of the neutral tone in Taiwan Mandarin is much less affected by the preceding tones, it still should be regarded as neutralized and unstressed, because it is always produced within the most comfortable and relaxing pitch range of the speakers.
Moreover, the overall shape of Tone 3 sandhi dramatically changes in different prosodic contexts. When the Tone 3 sequences cross the small prosodic boundaries such as B2 (within a word) and B3 (small phrase boundaries), Tone 3 sandhi has a clear rising f0 contour. Particularly, when the Tone 3 sequences cross the B2 boundary, the Tone 3 sandhi contour almost overlaps with Tone 2; but for B3, the phonetic difference between Tone 2 and Tone 3 sandhi is greater. When Tone 3 sequences cross a much larger boundary, such as B5 (utterance boundary), the f0 contour of Tone 3 sandhi is very different from Tone 2, and does not have a rising contour, which indicates that the sandhi rule rarely applies. Therefore, the likelihood of tone sandhi application heavily depends on the strength of the prosodic break between the two adjacent Tone 3 syllables. This result is consistent with [24] , which observed that Tone 3 sandhi is more likely to take place for smaller breaks (e.g., word boundaries and syllable boundaries), and much less likely to occur for larger breaks; tone sandhi can sometimes cross intermediate phrase boundaries, but not big boundaries like intonational phrase or utterance boundaries. Figure 2 shows the probability of creak as a function of tones and breaks. Similar to [19] , creaky voice is most likely to occur with Tone 3 and the neutral tone, followed by Tone 2 and Tone 4; Tone 1, as expected, is the least likely to creak. So, the presence of creak is indeed generally associated with low-pitch production as well as with vocal weakening. As for Tone 3 sandhi, its probability of creak depends on the prosodic breaks -the first Tone 3 in a two-syllable Tone 3 sequence is not likely to creak when the tonal sequence crosses smaller boundaries (e.g., B2 and B3), but it is much more likely to creak when the tonal sequence crosses larger boundaries (e.g., B4 and B5). The variation of creakiness for Tone 3 sandhi can be accounted for by the f0 variation shown in Figure 1 . Recall that Tone 3 sandhi is more likely to apply across small prosodic boundaries, and less likely to apply across large boundaries. The probability of creak is clearly related to the realization of the f0 contours. As Tone 3 sandhi is sensitive to the strength of the prosodic boundary between two adjacent Tone 3 syllables, the likelihood of creak just varies accordingly. The variation of Tone 3 sandhi thus again suggests that voice quality is co-varying with pitch ranges in Mandarin. In addition, Tone 3 sandhi overall exhibits different phonetic realization in both f0 and voice quality from Tone 2, supporting the notion that tone sandhi cannot simply be treated as Tone 3 turning into Tone 2.
Probability of creak
Moreover, the strength of prosodic boundaries has a strong effect on the presence of creak. As the break index increases, the rate of creak also increases. Utterance-final (B5) syllables tend to creak regardless of tonal categories. We used lme4 to perform a linear mixed effects analysis of the relationship between the probability of creak and tonal categories as well as break indexes. As fixed effects, we entered tone and break with interaction term into the model. As random effects, we had intercepts for speakers and segments for the effect of probability of creak. Since Tone 3 sandhi has a much smaller number of tokens, Tone 3 and Tone 3 sandhi are not separated in the statistical analysis. The anova function was used to estimate the overall significance of the factors (without breaking down into individual levels). The results show that both tone (F [4, 
Acoustic space based on voice measures
Multidimensional-Scaling (MDS) was used to project the high dimensional space of tone and break categories into a twodimensional space. All the measures mentioned in 2.2.2 are included in the calculation of distances among the categories. Figure 3 is the MDS acoustic space of voice quality of tonal categories in different prosodic contexts. The two dimensions together can account for about 70% of the variance. Correlation analysis indicates that dimension 1 is mostly correlated with spectral tilt measures. For example, r = -0.85 with H1*-A1*, and -0.8 with H1*-A2*; Dimension 2 is mostly correlated with noise measures, for example, 0.55 with SHR, and -0.35 with CPP. The direction of these measures suggests that the closer the upper left corner of the space, the creakier the voice. We have visualized this trend with an arrow in the plot. The overall distribution of the tone x break categories is very consistent with the results from 3.1.2. As can be seen here, Dimension 1 represents the hierarchy of the prosodic boundaries, with higher levels of breaks on the left (creakier); and Dimension 2 is related to the tonal categories, with Tone 3 at the top (creakier) and Tone 1 at the bottom (less creaky). In addition, neutral tone categories are mostly along Dimension1, suggesting that the creaky voice in the neutral tone is special in that it is mostly realized with spectral tilts, but very little with noise ratios. The results of this section overall validate the results from the creaky voice detector.
Figure 3: MDS acoustic space of tones and breaks
Gender difference
We are also interested to know whether where is any gender difference for the presence of creak. The preliminary results of gender difference can be seen in Figure 4 . This figure suggests that male speakers generally have a higher rate of creak than female speakers. Since COSPRO_01 only has six speakers, and one male speaker has a much higher rate of creak than other speakers, the pattern can be driven by this outlier. Therefore, more data from a larger number of speakers will be needed to validate this observation. Nonetheless, the relative distribution of creak among the prosodic categories is fairly similar between the two genders, as confirmed by a spearman (rank) correlation test (r = 1). So different genders do not differ in how they use creaky voice linguistically. Figure 4 : Gender difference in probability of creak Finally, we would like to know in what the f0 ranges creak voice is likely to happen. We sorted out the creak regions (time intervals classified as 1) from the speech data of both genders, and extracted the f0 values. Although the f0 tracker would fail for a lot of tokens, it still returned an estimation of f0 values during creak voice. As shown in Figure 5 , mean f0 values of creaky voice are 170 Hz for female speakers and 115 Hz for male speakers, consistent with the numbers reported in [19] . 
Conclusions
This study examined the distribution of creaky voice as a function of tone and prosodic boundaries in Mandarin. Taking advantage of state-of-the-art technology, we were able to investigate this question with a large corpus of continuous speech. We found that both tone and the strength of prosodic boundaries exert a strong influence on the presence of creak. Specifically, among the five tonal categories (four lexical tones and one neutral tone), creaky voice is most likely to occur with Tone 3 and the neutral tone, followed by Tone 2 and Tone 4. The rate of creak is highly correlated with f0 range. Prosodic boundaries also play important roles, as the rate of creak increases when the prosodic boundaries are larger, regardless of the tonal categories. We also found that Tone 3 sandhi differs from Tone 2 in terms of both f0 contours and voice quality; and the rate of creak for Tone 3 sandhi depends on the realization of its pitch contour, which essentially depends on the level of break between the adjacent Tone 3 syllables. Finally, we provided some preliminary results for speaker variation. Although Male speakers overall have a higher rate of creaky voice than female speakers, the two genders do not differ in the way of using creaky voice. It is also confirmed that the pitch range for creaky voice to occur is about 110 Hz for male and 170 Hz for female, consistent with the numbers reported in our previous study. Altogether, this study validates the hypotheses from previous studies, and provides a better understanding of the voice-source variation in different prosodic conditions.
Acknowledgements
The study was supported by URF from University of Pennsylvania. I would like to thank John Bartlett for the assistance of data processing.
